Introduction
Clathrate hydrates are types of ice-like crystalline compounds that are composed of hydrogen-bonded 'host' water frameworks and encapsulated small 'guest' molecules, such as methane (CH 4 ), nitrogen (N 2 ), oxygen (O 2 ), or carbon dioxide (CO 2 ).
1,2 The crystal structure of common clathrate hydrates can be classied into three general types: cubic structure I (sI), consisting of 46 H 2 O molecules with 6 large 5 12 
1,2
The 5 12 (small) cage is the basic building-block for common hydrate structures, and several kinds of small gaseous molecules can be captured in a 5 12 cage. 1, 2 Owing to their ability to trap a huge amount of gas in their hydrate cages, clathrate hydrates have received much attention in the energy and environmental elds for gas storage and transportation. 3, 4 Clathrate hydrates can be formed at low temperature and high pressure conditions, and so the focus has shied onto nding ways to promote their formation under thermodynamic conditions. The injection of large organic guest molecules into clathrate hydrate systems is the key technology for promoting hydrate equilibrium conditions. For determining the thermodynamic conditions of clathrate hydrates, the chemical and physical properties of large organic guest molecules are recognized as key factors.
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Hence, many large guest molecules (LGMs) have been extensively investigated as hydrate formers in the presence of a help gas.
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Recent studies have reported an interesting phenomenon for the inclusion of large guest molecules (LGMs) in the large cages of sII or sH hydrates. [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] It was reported that the trans conformation of some large guest molecules (LGMs), such as n-butane and isopentane, is thermodynamically preferred in the neat phase, but the gauche conformation of LGMs is observed in the large cages of sII or sH hydrates. [8] [9] [10] [11] 15 In addition, it was recently reported that some alcohols with molecular sizes above 7.5Å form sII hydrates in the presence of methane gas.
13,19 1-Butanol with a molecular size of 9.05Å and a trans-trans conformation may not be considered as an sII hydrate former from the viewpoint of guest inclusion, but 1-butanol with a molecular size of 7.72Å and a gauche-gauche conformation is reported to be an sII hydrate former in the presence of methane gas. 13, 19 Ahn et al.
also investigated the inclusion of 3-butene-2-one as an sII hydrate former in the presence of methane gas and its preferred conformation in the large cages of sII hydrates. 20 Similar to the gauche conformation of n-butane in the large cages of sII hydrates, the s-cis conformation of 3-butene-2-one is preferred in hydrate cages. [8] [9] [10] [11] 15, 20 Information on the inclusion of guest molecules and the conformation of LGMs in hydrate cages might be useful to better understand the nature of a host-guest system. Therefore, it should be useful to investigate whether the inclusion of methacrolein (also called 2-methylpropenal) can form an sII or sH clathrate hydrate or not in the presence of gaseous guest molecules such as CH 4 , N 2 , O 2 or CO 2 , and what types of methacrolein conformers are possible in the large cages of sII or sH hydrates.
In this study, methacrolein is introduced as a new hydrate former in the presence of gaseous guest molecules for the rst time. We reveal the crystal structure and guest distributions of binary (methacrolein + gaseous guests, such as CH 4 , N 2 , O 2 or CO 2 ) clathrate hydrates using spectroscopic tools, specically powder X-ray diffraction (PXRD) and Raman spectroscopy. Finally, we measure the equilibrium conditions of four phases, clathrate hydrates (H), liquid water (L W ), liquid methacrolein (L methacrolein ), and vapour (V), to check the thermodynamic stability of binary (methacrolein + gaseous guest) clathrate hydrates.
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Experimental section
Materials and sample preparation
Methacrolein (2-methylpropenal, 95 mol% purity) was purchased from Sigma Aldrich Inc. Methane (CH 4 ), oxygen (O 2 ), nitrogen (N 2 ), and carbon dioxide (CO 2 ) gases were supplied by Special Gas (Republic of Korea) with stated minimum purities of 99.95, 99.95, 99.9, and 99.9 mol%, respectively. Deionized water was supplied from a Millipore purication unit. The liquid methacrolein solutions (5 mol%, slightly less concentrated than the stoichiometric amount for the large cages of structure II hydrates) were loaded into high pressure resistant reactors (inner volume of 200 ml with a vertical magnetic drive agitator). Here, 5 mol% of methacrolein solution is used to minimize the number of unreacted methacrolein molecules. The reactors were placed in a circulating water bath (Jeio Tech., RW-2040G model) at 288 K, and pressurized with methane (CH 4 ), oxygen (O 2 ), nitrogen (N 2 ), or carbon dioxide (CO 2 ) gas up to the desired pressure conditions. The pre-existing air in the reactor was ushed out with a continuous injection of the desired gas before pressurization using a microow syringe pump (Teledyne, ISCO 100D). The temperature of the system decreased to 274 K at a cooling rate of 0.5 K h À1 . The hydrate formation was monitored via a sudden pressure drop. The degree of hydrate conversion was checked by monitoring the continuous pressure drop, and we assumed that the hydrate conversion was complete aer reaching pressure stabilization. The binary hydrate samples were then ground under liquid nitrogen with a 100 mm sieve. The powdered hydrate samples were used for spectroscopic analysis.
Powder X-ray diffraction (PXRD) and high-resolution powder diffraction (HRPD) patterns 
Raman spectroscopy
A dispersive Raman spectrometer (Horiba Jobin Yvon ARAMIS) with a CCD (Charge-Coupled Device) detector and electrical cooling (203 K) was used to monitor the guest inclusion behaviors and conformation of methacrolein in the hydrate cages. The excitation source was an Ar-ion laser emitting a 514.53 nm beam. The intensity of the laser was typically 30 mW. The system temperature was controlled using a Linkam temperature controller (THMS600G model). For temperaturedependent Raman measurements, the sample temperature of the microscope stage was varied from 93 to 213 K.
Phase equilibrium measurements
Four phase (H + L W + L methacrolein + V) equilibria of the binary (methacrolein + CH 4 , N 2 , O 2 or CO 2 ) clathrate hydrates were measured using a high pressure resistance reactor (with an inner volume of 200 ml). First, a reactor with a four-wire Pt-100 U thermometer probe, a resolution of 0.01 K and a pressure transducer (Druck, PMP5073) with an accuracy of 0.02% was charged with the methacrolein aqueous solution. Aer loading the solution, the reactor was pressurized with CH 4 , N 2 , O 2 , or CO 2 gas until the desired pressure was reached. Aer the system stabilization process, the hydrate formation was initiated by cooling the circulating bath at a cooling rate of 1 K h À1 . Aer the hydrate formation step, the temperature of the circulating bath was slowly increased in a step-wise manner at 0.1 K h À1 to supply sufficient equilibrium time. The equilibrium conditions of binary (methacrolein + CH 4 , N 2 , O 2 , or CO 2 ) clathrate hydrates can be obtained from the sharp intersection point of the cooling and heating curves in the temperature and pressure traces. The temperature and pressure changes during the hydrate formation and dissociation processes were automatically recorded using a data acquisition system.
Results and discussion
Three well-known classes of clathrate hydrate structures, structure I (sI, space group: cubic Pm 3n), structure II (sII, space group: cubic Fd 3m), and structure H (sH, space group: hexagonal P6/mmm), are categorized according to the differences in the type of crystal system, and the size and shape of the hydrate cages.
1,2 Due to the upper size limits of the hydrate cages, guest molecules of a suitable size can be enclathrated into the hydrate cages, leading to the selective enclathration of guest molecules.
1,2 Therefore, large guest molecules (LGMs) with a molecular size above 7.5Å are considered to be enclathrated into the large (5 12 6 8 ) cages of an sH hydrate. 1, 2, 13, 19 To determine the molecular size of methacrolein, the equilibrium molecular structures of methacrolein were calculated using the Gaussian 03 program 22 with the B3LYP model and the 6-311++G(d, p) basis set (Fig. 1) . Two asymmetric groups, including CH 2 ] C(CH 3 ) and CHO, are connected by a single covalent bond, and thus two stable conformers, denoted as s-cis and s-trans (Fig. 1) , can be constructed by the rotation of a single covalent bond, resulting in all of the heavy atoms being located in the same plane.
23-25 Fig. 1 clearly shows the equilibrium structures and molecular size of the s-cis (7.24Å) and s-trans (7.19Å) methacrolein conformers. Therefore, the formation of sII or sH hydrates in the presence of help gases, such as CH 4 , N 2 , O 2 , or CO 2 , is possible at low temperature and high pressure conditions.
In order to identify the crystal structures and guest inclusion behaviors of binary (methacrolein + gaseous guests) clathrate hydrates, powder X-ray diffraction (PXRD) and Raman spectroscopy measurements were performed at 93 K. Fig. 2 The lattice constant for the cubic Fd 3m structure is close to the value reported in the literature, 1,2 and the bars below the PXRD patterns indicate the diffraction peaks from the cubic Fd 3m structure. As for the impurities, a hexagonal ice phase from unreacted water can be observed in the PXRD patterns, as indicated by an asterisk (*) in Fig. 2 . Due to the molecular size of methacrolein (Fig. 1) , it might be suitable to be enclathrated into only the large 5 12 6 4 cages of sII clathrate
hydrates. Fig. 3 shows spectra from the inclusion of the gaseous guest molecules, methane (CH 4 ), nitrogen (N 2 ), oxygen (O 2 ), and carbon dioxide (CO 2 ), in the cages of sII clathrate hydrates. For the binary (methacrolein + CH 4 ) clathrate hydrate shown in dark cyan (Fig. 3) , the enclathrated CH 4 molecules in the small 5 12 cages of sII clathrate hydrates can be identied using the Fig. 3) . Moreover, the representative Raman signals for CO 2 in the small cages of sII hydrates (black line in Fig. 3) were also observed at around 1274 and 1380 cm À1 for the vibrational frequencies of CO 2 . 26 Chen et al. investigated the vibrational frequencies of CO 2 in the small and large cages of sI or sII hydrates, and their ndings are in good agreement with our results.
26
At this stage, the identication of gaseous guest molecules in the small cages of sII hydrates has been successfully demonstrated, but the types of methacrolein conformers in the large Fig. 1 Conformational isomers of methacrolein and their van der Waals molecular sizes. Gray, white, and red balls represent carbon, hydrogen, and oxygen, respectively. cages of sII hydrates remain unknown. In Fig. 4 , the Raman spectra of the binary (methacrolein + CH 4 Fig. 4 . 23 To clearly identify the conformational information for methacrolein, we focused on the ]CH 2 symmetric stretching mode of methacrolein in the Raman spectra. At 93 K, the enclathration of methacrolein in the large cages of the sII clathrate hydrate is revealed by the strong Raman signal at around 3012 cm À1 . Durig et al. 23 investigated the Raman spectra of s-cis and s-trans methacrolein in the solid, liquid, and gas phases, and the strong Raman peaks at around 3007 cm À1 and 2993 cm À1 were assigned to s-trans and s-cis methacrolein, respectively, in the gas phase. In Fig. 4 20 The relative energy of s-cis methacrolein with respect to that of strans methacrolein was calculated to explain the reason for the enclathration of s-trans methacrolein in the large cages of sII hydrates, and the relative energy difference was calculated as 14 kJ mol À1 , implying that the s-cis conformer of methacrolein is unfavorable for enclathration in hydrate cages. In addition, the rotation barrier between the two stable conformers, s-cis and strans (Fig. 1) , was identied by Zakharenko et al. and it was reported to be about 34 kJ mol À1 . 25 Therefore, the enclathration of s-cis methacrolein in the large cages of sII hydrates may be 
23
The dissociation behaviors of the binary (methacrolein + CH 4 ) clathrate hydrate were analyzed using Raman spectra of the C-H vibrational mode of CH 4 and high-resolution powder diffraction (HRPD) patterns, as shown in Fig. 5 . From 93 K to 153 K, there was no signicant change in the relative intensity of the CH 4 molecules in both small and large cages of the sII hydrate. However, the relative intensity of the CH 4 molecules gradually decreased from 153 to 193 K. The binary (methacrolein + CH 4 ) clathrate hydrate then started to dissociate rapidly at around 193-203 K. The dissociation behaviors of the binary (methacrolein + CH 4 ) clathrate hydrate were also monitored using the temperature-dependent HRPD patterns, as shown in Fig. 5 , and the binary (methacrolein + CH 4 ) clathrate hydrate was almost completely dissociated at around 203 K.
Finally, we measured the equilibrium conditions of four phases, clathrate hydrates (H), liquid water (L W ), liquid methacrolein (L methacrolein ), and vapour (V), to check the thermodynamic stability of the binary (methacrolein + gaseous guest) clathrate hydrates using the conventional isochoric method.
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The equilibrium conditions of the binary (methacrolein + gaseous guest molecules) hydrates were measured at pressures ranging from 2 to 15 MPa and temperatures ranging from 284 to 297 K for CH 4 (Fig. 6 ), at pressures ranging from 8 to 22 MPa and temperatures ranging from 280 to 290 K for N 2 and O 2 ( Fig. 7) , and at pressures ranging from 0.7 to 3 MPa and temperatures ranging from 274 to 280 K for CO 2 (Fig. 8) . The detailed phase equilibrium data for methacrolein with CH 4 , N 2 , O 2 , and CO 2 are tabulated in Tables 1 and 2 . The phase equilibria of the binary (methacrolein + CH 4 , N 2 , or O 2 ) clathrate hydrates showed that the addition of methacrolein in the hydrate phase increased the hydrate stability with a higher hydrate dissociation temperature when compared to the hydrate stability of pure (CH 4 , N 2 , or O 2 ) clathrate hydrates, but the effect of methacrolein is not stronger than that of tetrahydrofuran. 5, [27] [28] [29] [30] The thermodynamic stability of binary (methacrolein + CO 2 ) clathrate hydrate is much higher than that of pure CO 2 clathrate hydrate when comparing their hydrate dissociation temperatures below 279 K. 31, 32 We also monitored the effect of methacrolein concentration on the thermodynamic Fig. 6 Phase equilibrium curves of methacrolein (3, 5.56 (Fig. 6) . The equilibrium conditions of pure N 2 hydrate showed a lower dissociation temperature when compared to those of the pure O 2 hydrate with the same pressure conditions (Fig. 6) . Interestingly, the equilibrium conditions of binary (methacrolein + N 2 ) hydrate showed a higher dissociation temperature when compared to that of the binary (methacrolein + O 2 ) hydrate with the same pressure conditions (Fig. 7) .
Conclusions
The crystal structure and guest distributions of binary (methacrolein + gaseous guests) clathrate hydrates were identied using spectroscopic tools, such as powder X-ray diffraction (PXRD) and Raman spectroscopy. The PXRD results showed the formation of structure II hydrates in the presence of methacrolein and gaseous guest molecules. The conformation of methacrolein in the large cages of structure II hydrates was also analyzed via Raman spectroscopy and only one methacrolein conformer, s-trans, was observed in the large cages of structure II hydrates. The relative energy of the s-trans methacrolein is too high for it to t into the large cages of sII hydrates. HighResolution Powder Diffraction (HRPD) and Raman spectroscopy were also used to identify the dissociation of binary (methacrolein + CH 4 
